ABSTRACT. We designed experiments to determine whether P-adrenergic receptors are present and functional in human fetal lung during the 2nd trimester of gestation. To determine the presence of p receptors, characterize their binding sites, and assess changes in receptor with gestational age, we performed radioligand binding assays with the specific, high-affinity P antagonist, '251-iodocyanopindolol, in membrane particulates from the lungs of 2nd trimester abortuses (15-23 wk). Binding of '251-iodocyanopindolol was saturable and of high affinity (dissociation constant = 40 pM). Binding was stereoselective as determined by competition studies with (-) and (+) stereoisomers of propranolol. Agonist affinities (isoproterenol > epinephrine >> norepinephrine) were consistent with a predominance of 8-2 receptors; this predominance was confirmed by competition studies with the specific P-2 receptor antagonist ICI 118-551 (75% 8-2,25% P-1). The concentration of B-adrenergic receptors increased with gestational age. To assess the functional coupling of the fi receptors, we tested the ability of receptor occupancy to activate adenylate cyclase. For this assay, we incubated minced human fetal lung with P agonists and determined the amount of cAMP generated. P Agonists stimulated cAMP generation more than 2-fold. We conclude that Padrenergic receptors are present and functional in human fetal lung as early as the 2nd trimester. (Pediatr Res 21:142-147,1986) Abbreviations ICYP, '2~-iodocyanopindolol ATP, adenosine triphosphate CAMP, cyclic adenosine monophosphate Gpp(NH)p, 5'-guanylylimidodiphosphate GTP, guanosine triphosphate K,,, dissociation constant There is increasing evidence for an integral role of adrenergic responses in the complex transition which the fetal lungs undergo in preparation for extrauterine life. Indirect evidence comes from clinical situations in which infants are not exposed to high levels of the adrenergic catecholamines, epinephrine and norepinephrine. For example, infants born by cesarean section without labor Received March 26, 1986: accepted September 18, 1986 have lower concentrations of catecholamines in amniotic fluid and cord blood than do those delivered vaginally or by cesarean section after labor (I). In association with these lower catecholamine levels, infants born by cesarean section without labor have a higher incidence of breathing difficulties (2), less mature biochemical indices of lung maturity (3,4), and lower tidal volumes and lung compliance (1) than do other infants. In contrast, infants born to mothers who received P-adrenergic agonists immediately before delivery are reported to have a lower incidence of hyaline membrane disease (5).
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In other species, there is substantial experimental evidence that P-adrenergic responses are involved in fetal lung maturation (6) . Administration of P-adrenergic agonists to fetal sheep and rabbits significantly decreases lung water content (7, 8) , increases surfactant release (9, lo), and increases lung stability (1 1, 12). In fetal rabbits, administration of an irreversible 0-adrenergic blocker (1 3) or prevention of epinephrine synthesis (1 4) decreases the surfactant release that accompanies labor. In addition, other studies have shown both an increase in P-adrenergic receptor concentration (1 5, 16) and an increased sensitivity to P-adrenergic agonists (7, 8) with advancing gestational age.
In the human, direct evidence for the role of P-adrenergic responses in fetal lung maturation is lacking. Therefore, we designed a study to determine whether p-adrenergic receptors are present and functionally coupled in human fetal lung during the 2nd trimester of gestation. To assess the presence of p-adrenergic receptors, characterize their binding sites, and identify changes in receptor concentration with gestational age, we performed radioligand binding studies with the specific, high-affinity Padrenergic antagonist, ICYP in human fetal lung at 15-23 wk of gestation. To demonstrate function, we assessed receptor activation of adenylate cyclase, the enzyme responsible for the conversion of ATP to CAMP, an important "second messenger" for many biological functions. For this assessment, we studied cAMP generation in 2nd trimester fetal lung tissue in response to three P-adrenergic agonists: isoproterenol, prostaglandin El, and forskolin. Our findings indicate the presence of P-adrenergic receptors, primarily of the P-2 subtype, in human fetal lung which increase with advancing gestation and are coupled to cAMP generation.
MATERIALS AND METHODS
Tissue. Human fetal lung tissue obtained from abortuses after elective terminations of pregnancy in the 2nd trimester was used in these studies. Upon receipt, most of the specimens were immediately frozen and stored at -70" C until preparation of membrane particulates. Some specimens were processed into membrane particulates immediately to ascertain that the tissue was not damaged by the storage procedure. Since no differences in receptor concentration or agonist affinities were found between fresh and frozen tissue, subsequent binding assays were Membrane preparation. Partially purified membrane particulates of 2nd trimester human fetal lung were prepared by differential centrifugation in the following manner. First, fresh lung tissue or thawed frozen lung tissue was dissected free of major blood vessels or airways and then weighed. Each specimen was chopped and placed in 10 volumes of ice-cold buffer (50 mM Tris and 4 mM EDTA, pH 7.4) and then homogenized by either a Virtis homogenizer (Virtis Co., Gardiner, NY) or a Tekmar Tissumizer (Tekmar, Cincinnati, OH). The homogenate was filtered through two layers of cheesecloth and then centrifuged at 1200 x g for 15 min. The pellet was discarded and the supernatant was centrifuged at 29,000 x g for 15 min. The supernatant was then discarded and the pellet containing the membrane particulate was resuspended in ice-cold buffer (50 mM Tris and 4 mM magnesium chloride, pH 7.4) by a Dounce homogenizer. The membrane particulate was washed by three cycles of high speed centrifugation and resuspension in ice-cold buffer. For the third resuspension, 1 ml of the Tris and magnesium chloride buffer per 3 g of initial tissue was used. Protein concentration was determined using the Bradford method (17) with bovine serum albumin as the standard. The partially purified crude membrane particulates were frozen in liquid nitrogen and stored at -70" C until assayed.
Binding studies. To identify the p-adrenergic receptor and to determine receptor concentrations in lung particulates of different gestational ages, binding assays for saturation analysis were performed in the following manner. The lung particulates (approximately 60 pg protein) were incubated at 30" C for 90 min in a 0.25 ml volume containing 50 mM Tris and 4 mM magnesium chloride buffer (pH 7.4), 1 mM ascorbic acid, and 5-500 pM ICYP, with or without 100 pM isoproterenol. At the end of the incubation 5 ml of ice-cold buffer was added and the samples were filtered through Whatman GF/C glass fiber filters to separate free and bound ICYP. After three washes, the filters were dried and counted in a Packard auto-y spectrometer. Nonspecific binding was determined by incubation of membrane protein with ICYP in the presence of 100 pM isoproterenol and was always less than 20% of total binding at an ICYP concentration near to the KD. When this nonspecific binding was subtracted from total binding to yield specific binding, the values for specific binding were not different from those found when specific binding was determined as highest affinity binding by computer curve-fitting (1 8); therefore, in order to conserve tissue and increase accuracy, specific binding was determined by computer curve-fitting.
Kinetic analysis was performed to validate the KD determined by saturation analysis. In these experiments, the membrane particulate (approximately 60 pg of membrane protein) was incubated at 30" C in a 0.25-ml volume containing 50 mM Tris and 4 mM magnesium chloride (pH 7.4), 1 mM ascorbic acid, and 50 pM ICYP. The time course to saturation was verified by stopping the incubations at specified times by addition of icecold buffer, and filtering and washing the samples to separate bound from free ligand as described above. At 90 min, the samples for the kinetic analysis were diluted 100-fold by the addition of M isoproterenol in Tris and magnesium chloride buffer at 30" C. These incubations were stopped at specified times by addition of ice-cold buffer, filtering, and washing. To verify that the decreased binding observed was the result of reversal rather than degradation of the receptor-ligand complex, some samples were incubated unperturbed for specified times from 90 to 180 min, at which time the incubations were stopped as described above.
To determine the binding characteristics of the receptor, competition experiments were performed. Stereoselectivity was assessed by assays in which ICYP competed for the binding sites of the receptor with (-) and (+) stereoisomers of propranolol. Agonist affinities were assessed by assays in which ICYP competed with isoproterenol, epinephrine, and norepinephrine. Receptor subtypes were determined from these agonist affinities (18) as well as from assays in which ICYP competed for the binding sites with ICI 1 18,55 1, a specific P-2 antagonist. Finally, sensitivity of the binding interaction to guanyl nucleotides was determined from assays in which ICYP competed for the binding sites with isoproterenol in the presence and absence of Gpp(NH)p, a nonhydrolyzable analogue of GTP. These competition experiments were all performed in the following manner. Lung particulates (approximately 40 pg protein) were incubated at 30" C for 90 min in a 0.25-ml volume containing 50 mM Tris and 4 mM magnesium chloride buffer (pH 7.4), 1 mM ascorbic acid, 50 pM ICYP, and 0.1 nM-0.01 pM of the /3-adrenergic agonist or antagonist that was being studied. The washing and filtration steps were as described for the binding assays.
CAMP generation. To investigate the function of the P-adrenergic receptor in human fetal lung, the ability of P-adrenergic agonists to stimulate cAMP generation was assessed as follows. cAMP content was determined by incubating duplicate samples of 50 mg of fresh human fetal lung tissue in a 0.25-ml volume of 5 mM Tris and 0.9% sodium chloride, 1 mM 3-isobutyl-lmethylxanthine (a phosphodiesterase inhibitor) and 0.1 mM ascorbic acid. Basal cAMP generation was determined by incubating duplicate samples of approximately 50 mg of fresh human fetal lung tissue in an identical buffer solution for 10 min at 37" C. Agonist-stimulated cAMP generation was determined in the same manner as basal cAMP generation except that the buffer solution contained different concentrations of one or more P agonists [isoproterenol ( 10 nM-100 pM), prostaglandin E 1 ( 1 -100 pM), or forskolin (30 pM)]. For all three determinations, the reaction was stopped by adding an equal volume of 10% trichloroacetic acid. After homogenization and centrifugation, a 5:l ether extraction was performed a total of three times on each sample. Any remaining ether was evaporated in a 70" C water bath for 20 min.
cAMP binding was then assessed by a modification of the assay described by Gilman (20) . For this assay, a 0.35-ml volume containing the diluted tissue extract, 50 mM sodium acetate (pH 4), 10 nM 3H-cAMP, and 12.5 pg 3',5'-CAMP-dependent protein kinase was incubated at 4" C for 60 min. A standard curve was obtained by incubating the blank buffer solution from the generation step with 0-80 pmol cAMP in 50 mM sodium acetate (pH 4), 10 nM 3H-cAMP, and 12.5 pg protein kinase. The samples were washed and filtered over Gelman metricel membrane filters using 4 ml of 20 mM potassium phosphate (monobasic) and 1 mM magnesium sulfate buffer (pH 4) at 4" C a total of four times. The filters were dried and then dissolved in 3.8 ml Hydrofluor and counted in a Packard Tricarb liquid scintillation counter.
Calculations. The amount of linand bound to the filters was analyzed as a function of free ligand (as calculated from the known initial counts) by an iterative, nonlinear curve-fitting program prepared for a Hewlett-Packard 9825A desktop com-. puter. The program repeatedly analyzes the data with different parameters until the set of parameters resulting in minimal weighted residual variance is found. This curve-fitting analysis is able to determine the parameters which best fit the mathematical model for that particular line or curve, as well as determine the model which best describes the data (1 8).
Parameters from binding assays for saturation analysis (KD and receptor concentration) were determined by this computer-ized analysis. These parameters were then used to array data as described by Scatchard (21) .
Data from competition experiments was analyzed by an iterative nonlinear curve fitting program which examines binding in the presence of the competitor as a function of that concentration of competitor. Residual variance in the simplest model (one class of sites) was compared with that of models of increasing complexity (greater than one class of sites). The model is accepted when models of increasing complexity did not result in a statistically significant reduction in the residual variance (18) . This analysis determines the I5o(s) (the concentration of competitor reducing binding to particular sites by 50%) and the percentage of binding sites with which the competitor competes with this IsO. Since experiments were conducted at concentrations of binding sites such that total radioligand was essentially constant we used the relationship described by Cheng and Prusoff (22) KI = Iso/(l + Lr:/KD) to determine the Kl(s) for competitors. In this equation Ll-is the concentration of radioligand and KD its KD determined in independent experiments.
Data for cAMP generation were derived from a linear regression using standard curves obtained from known amounts of nonradioactive cAMP added to the buffer or to the tissue extract. Differences between standard curves obtained with these diluents were completely explained by the cAMP content of the extract.
RESULTS
Characteristics of the P-adrenergic receptor. Binding of the specific P-adrenergic antagonist ICYP in membrane particulates of human fetal lung from the 2nd trimester of gestation demonstrated the characteristics of a radioligand binding to a @-adrenergic receptor. The binding by ICYP was saturable and of high affinity (Fig. 1) . The KD for all samples assayed was approximately 0.040 nM (range 0.027 to 0.053 nM) and did not vary with gestational age. The dissociation constant was also determined in kinetic experiments. The k,, was 9.9 x lo7 M-'. The reversal was first order with a Llr of 3.75 x lo-' min-I. The KD BOUND, nM calculated from these values was 38 pM in excellent agreement with the equilibrium determination.
The binding was stereoselective as demonstrated by (-) and (+) stereoisomers of propranolol competing for ICYP binding sites. The biologically active (-) stereoisomer of propranolol had a much lower inhibition constant (K, = 3 nM) than did the nonbiologically active (+) propranolol (KI = 39 nM) (Fig. 2) .
Agonist affinities (isoproterenol > epinephrine >> norepinephrine), determined by assays of these P agonists competing for ICYP binding sites in the membrane particulates, were consistent with a predominance of P-2 receptors (Fig. 3) . All three agonists showed complex binding isotherms best fitted by two binding sites, one high affinity and one low affinity: isoproterenol, KH = HUMAN FETAL LUNG P RECEPTORS AND cAMP 3.5 rt I nM, 500 + 7%, KL = 173 + 50 nM, 57 rt 7% (n = 3); epinephrine, KH = 6 rt 3 nM, 430 + 6%, KL = 904 + 180 nM, 570 rt 6% (n = 4); norepinephrine, KH = 41 rt 2 nM, 33%, KL = 3100 rt 700 nM, 67 + 3% (n = 3).
Binding assays of the specific 0-2 receptor antagonist, ICI 1 18,55 1, competing for ICYP binding sites confirmed this predominance of (3-2 receptors. Approximately 75% of the p-adrenergic receptors in the membrane particulates of human fetal lung were P-2 and 25% were P-1 (Fig. 4) . Preliminary studies on membrane particulates prepared using 50 mM Tris and 4 mM magnesium chloride as the initial buffer rather than 50 mM Tris and 4 mM EDTA failed to demonstrate a predominance of P-2 receptors by competition studies with either adrenergic agonists or antagonists (data not shown).
The P-adrenergic receptor binding site was sensitive to guanyl nucleotides as demonstrated by binding assays in which isoproterenol competed for ICYP binding sites in the presence and absence of Gpp(NH)p (Fig. 5) . In the absence of Gpp(NH)p, the isoproterenol binding isotherm was complex, best fitted by one high affinity (KH = 2.7 nM, 38%) and one low affinity (KL = 89 nM, 62%) binding site. However, in the presence of Gpp(NH)p, the isoproterenol binding shifted to a single low affinity site (KI = 134 nM, 100%).
Changes in receptor concentration with gestational age. The receptor concentration in membrane particulates of human fetal lung increased linearly with gestational age, ranging from 23 fmol/mg at 15 wk of gestation to 110 fmol/mg at 23 wk of gestation (Fig. 6 ). In keeping with this linear increase, the receptor concentration in a lung sample from a later gestation, a 39-wk stillborn infant, was 223 fmol/mg. cAMPgeneration. cAMP was generated in the minces of fresh lung tissue even in the absence of P-adrenergic agonists; cAMP content prior to incubation was 2.2 1 k 0.94 pmol/mg wet weight, whereas the concentration of cAMP following 10 min of incubation in the absence of P-adrenergic agonists (basal CAMP) was 10.35 rt 1.50 pmol/mg wet weight. However, isoproterenol further stimulated cAMP generation in the lung tissue in a dosedependent manner (Fig. 7) with the maximal effect (a greater than 2-fold increase) at approximately M isoproterenol; as in other human tissues, the half-maximal effect occurred at approximately lo-' M isoproterenol.
Prostaglandin El appeared to be a less potent stimulator of -LOG [ICI 1 18,5511, M Forskolin (30 pM), a potent activator of adenylate cyclase, caused a 4-fold increase in cAMP generation in each of two experiments (basal cAMP 1 1.14 and 12.47 pmol/g wet respectively, forskolin-stimulated cAMP 42.25 and 54.16 pmol/g wet weight, respectively). Both forskolin plus isoproterenol and forskolin plus prostaglandin El bad supraadditive effects of similar magnitude on cAMP generation.
The ability of agonists to stimulate cAMP generation was not dependent on gestational age in the limited age range studied. as the 2nd trimester of gestation. The presence of P receptors was indicated by radioligand binding by the specific, high-affinity Pantagonist ICYP, which showed that the binding site of the Padrenergic receptor is saturable, of high affinity, and stereoselective. Furthermore, using both agonist affinities and data from competition studies with the specific P-2 antagonist, ICI 1 18,55 1, we have shown that the predominant receptor in 2nd trimester human fetal lung is the P-2 subtype, as it is in human adult lung (23) . The failure to demonstrate P-2 receptors in preliminary studies when EDTA was not present in the initial buffer during preparation of membrane particulates is consistent with findings in other species in which P-adrenergic receptors in lung are very sensitive to metal-dependent proteolysis (24) . We have also demonstrated that the concentration of P-adrenergic receptors in human fetal lung increases with advancing gestational age. However, the receptor concentration throughout the 2nd trimester (23-1 10 fmol/mg of membrane protein) remains significantly lower than that found in adult lung (470 fmol/mg) (23) . In contrast, Falkay et a/. (26) failed to show an increase in the concentration of B-adrenergic recevtors with advancing gestational age in human fetal lung from 8-18 wk of gestation by radioligand binding assays with 3H-dihydroalpren-0101.
In characterizing the P-adrenergic receptor, we have also shown that P-adrenergic interactions in human fetal lung are sensitive to guanyl nucleotides. In the present study the competition of the P-adrenergic agonist, isoproterenol, for the ICYP binding sites was similar to that in adult tissues. That is, in the absence of guanyl nucleotide, the isoproterenol binding isotherm is complex and best described by one high-affinity and one low-affinity binding site. However, in the presence of guanyl nucleotide, the binding isotherm reverted to a single low-affinity site.
The finding of guanyl-nucleotide-sensitive high-affinity binding indicates that the fetal 0 receptor is capable of interaction with the guanyl-nucleotide-sensitive coupling protein (Gs) when occupied by agonist (27) . This sensitivity of the binding interaction to guanyl nucleotides may have important implications for the function of the P-adrenergic receptor (28) . Evidence that the P-adrenergic receptor response cascade is functional in human fetal lung during the 2nd trimester of gestation comes from our studies of agonist-stimulated cAMP generation. We have shown that isoproterenol stimulates cAMP generation in human fetal lung tissue through occupancy of the receptor, indicating functional linkage of the P-adrenergic receptor through Gs to adenylate cyclase. In other tissues, formation of cAMP within cells activates intracellular CAMP-dependent protein kinase, which results in phosphorylation and activation of specific proteins within the cell. We postulate that in the human fetal lung, the cAMP similarly acts as a second messenger and promotes cell activity which ultimately leads to lung water resorption and surfactant release and perhaps to surfactant production. Support for this postulate comes from studies which have shown that phosphatidylcholine is released in response to cAMP analogues as well as in response to P agonists (29-3 1).
Prostaglandin El, which also activates adenylate cyclase through receptor occupancy, appeared to be a less potent stimulator of cAMP generation in the human fetal lung than isoproterenol was in this study. However, comparison of cAMP content and basal cAMP generation shows that cAMP accumulated during incubation in the absence of added agonist, suggesting that some effector, possibly a prostaglandin, was present and stimulatory. This might well have blunted the effect of added prostaglandin E I.
Forskolin, a potent direct activator of adenylate cyclase, caused a large increase in cAMP generation when administered alone and had a supraadditive effect when given with either isoproteren01 or prostaglandin El. Thus, it appears that forskolin promotes the interaction between the guanyl nucleotide regulatory protein and the catalytic component of the adenylate cyclase system, which in intact tissues results in a supraadditive effect of agonist and forskolin.
Our findings of the presence of P-adrenergic receptors and of / 3 agonist stimulation of cAMP generation indicate the feasibility of studying the maturation and differentiation ofthe P-adrenergic receptor response cascade in human fetal lung. The modulation of this cascade by influences such as glucocorticoids and thyroid hormone is also of great interest in view of the known effects of hormonal manipulation on the surfactant system in human lung as well as in lung of other species (32) and on the development of P-adrenergic receptors in lung of other species (33) (34) (35) .
In conclusion, our study shows that P-adrenergic receptors are present in human fetal lung as early as the 2nd trimester and that their concentration increases with gestational age. This study also shows that receptor occupancy by agonist promotes cAMP generation within the cells. indicating functional linkage of the receptor to adenylate cyclase. These &dings support a botential role for P-adrenergic responses in the adaptation of the human fetal lung to extrauterine life.
